Introduction
Unlike organic compounds connected with covalent bonds, metal complexes formed by bonding metal ions and ligands through coordination bonds would dissociate if they are put into a non-equilibrium state where free ligands and metal ions are steadily separated from the vicinity. Such situations are frequently observed in actual chemical systems where metal complexes are present. For example, targeting metal complexes that are used for nuclear magnetic resonance diagnostic imaging 1, 2 travel alone in the human body with a fairly long lifetime before excretion. Consequently, kinetic stability, i.e. inertness, is a key factor for their successful application since they are steadily exposed to solvolytic dissociation reactions in such a situation. Evaluation of the dissociation kinetic properties of metal complexes is therefore necessary for the design and development of analytical or diagnostic methods employing them as functionalized complexes in non-equilibrium environments.
We developed a unique and practical method for estimating the dissociation rate constants (kd) of metal complexes; the method is capillary electrophoretic reactor (CER). [3] [4] [5] The basic concept of CER is using the capillary electrophoretic separation process as the reactor for the dissociation reaction of the metal complexes.
In the pre-capillary derivatization capillary electrophoresis (CE) employing an electrophoretic buffer solution without free ligand, 4, 6, 7 a metal complex during the CE separation process is exposed to an overwhelming force causing dissociation due to the absence of free ligands in its vicinity because there are no free ligands in the electrophoretic buffer solution and the excess free ligand in the sample solution is removed from the metal complex zone by CE resolution. The progress of the on-capillary dissociation reaction of the metal complex can be monitored as the decrease of the peak height signal of the metal complex with the increase of the migration time in a series of electropherograms with varying migration times. Then, one can obtain kd of the metal complex with the analysis of the first-order decay dissociation degree-time profile directly, readily, and accurately. CER serves as an experimental approach for moderately slow decay kinetics with a half-life of "min" timescale, but CER is less ideal for monitoring faster decay kinetics with a half-life of "second" timescale since the time range that CER can handle corresponds to the separation time window of CE. As a new method for the investigation of a relatively fast dissociation kinetic process, which occurs on the time scale from several seconds to dozens of seconds, we briefly present a CER related method, microchip capillary electrophoretic reactor (μCER), 8 employing a microchip capillary electrophoresis (MCE) separation process with UV absorption linear imaging detection 9,10 as a chemical reactor for dissociation reactions of metal complexes. The μCER is successfully exemplified by evaluation of the dissociation rate constant of Ce 3+ complex with 8-amino-2-[(2-amino-5-methylphenoxyl)methyl]-6-methoxyquinoline-N,N,N′,N′,-tetraacetic acid (Quin2) at pH 9.2.
Dissociation kinetic properties of lanthanide complexes with polyaminocaboxylate have attracted attention since they have been successfully used as fluorescence probes for highly sensitive detection of biological molecules due to their characteristic luminescence properties. 11, 12 To obtain the knowledge for designing the ligands for analytical probes giving kinetically stable lanthanide complexes, and due to their interest in coordination chemistry, dissociation kinetic analysis lanthanide complexes with polyaminocaboxylate ligands including Ce 3+ -Quin2 complex by the conventional batch-wise method was accomplished. 13 There Dissociation kinetic analysis of a complex of Ce 3+ with a polyaminocarboxylic ligand, 8-amino-2-[(2-amino-5-methylphenoxyl)methyl]-6-methoxyquinoline-N,N,N′,N′,-tetraacetic acid (Quin2), was studied by microchip capillary electrophoretic reactor. Dissociation rate constants, kd, of Ce 3+ -Quin2 complex in alkaline conditions at pH 8.3 -9.8 were determined. The linear relationship of kd with the concentration of hydroxide ion indicates the existence of a hydroxide ion-assisted path in the dissociation reaction of Ce 3+ -Quin2 complex in alkaline conditions. The solvolytic dissociation rate constant, and the hydroxide ion-assisted dissociation rate constant of Ce 3+ -Quin2 complex were determined to be 1.55 × 10 -3 and 3.24 × 10 2 s -1 in the analysis of the dependence of kd with the concentration of hydroxide ion, respectively. have been performed in acidic conditions. 13 Judging from the value of the dissociation rate constant (kd) of Ce 3+ -Quin2 complex previously evaluated by μCER, 8 the value of kd under basic conditions would range around 10 -2 s -1 that corresponds to the half-life period of tens of seconds. Precise measurement of kd under basic conditions cannot be performed with the conventional batch-wise ligand substitution technique using a spectrophotometer because of the unignorable dead time arising from the experimental procedure against the reaction time of tens of seconds. The μCER is thus the most suitable for monitoring the dissociation kinetic properties with the reaction timescale from several to tens of seconds because the separation time window of MCE corresponds exactly. In this paper, to verify the usefulness of μCER as a practical method for evaluating the dissociation kinetic process of metal complexes with a timescale of "seconds" and to obtain detail information about the dissociation kinetic process of the Ce 
Experimental
Quin2 of a tetra potassium salt form purchased from Dojindo Lab. (Kumamoto, Japan) was dissolved in highly purified water. Ce 3+ stock solution was prepared by dissolving chloride salt in diluted hydrochloric acid solution (ca. 0.01 M). We used 1,3-diaminobenezene (DB) and anthraquinone-β-sulfate (AS) as internal and external standards, respectively. All other reagents used were of analytical grade.
A quartz glass microchip with a cross pattern channel (effective separation channel length: 25 mm) utilized in this study was obtained from Shimadzu Corp. (Kyoto, Japan). The microchip had an elliptical channel cross-section of 50 μm width and 20 μm depth. MCE separation and UV absorption linear imaging detection through the full length of the effective separation channel 9, 10 was performed with a microchip electrophoresis system MCE-2010 (Shimadzu Corp.) at the detection wavelength of 240 nm.
Before every MCE run, a separation microchip was initialized by flushing a washing solution consisting of 0.1 M NaOH and 0.1 M sodium dodecyl sulfate by pressure with a syringe, followed by rinsing thoroughly with highly purified water. The filling solution was then replaced with electrophoretic buffer solution containing 2.5 mM Na2B4O7 and 10 mM Na2CO3 (pH 8.3 -9.8). The sample containing 1.5 mM Quin2, 1.0 mM Ce 3+ , 2.5 mM Na2B4O7 and 10 mM Na2CO3 and 3 mM DB was introduced electrokinetically into a separation channel with a pinched sample loading technique. 7, 8 A chip with the configuration of a simple cross shape channel was used. 15 After filling the electrophoretic buffer solution in the separation channel, the sample solution was applied into the sample port. The sample solution was introduced electrokinetically into the channel orthogonal to the separation channel by applying the voltage for sample injection. Then, a part of the sample solution introduced was injected and separated in the separation channel by applying the voltage for MCE separation. The configurations of applying voltage for the sample injection and MCE separation was configured to introduce only a portion of the introduced sample solution in the intersection part of two channels.
14 The stability constant of [Ce III L] is reported to be 10 12.26 ± 0.02 , 15 and this is high enough to enable the formation of a stable 1:1 complex in the experimental condition. The electrophoretic separation was started by applying a voltage of 140 V/cm and the separation time was 30 s. A series of UV absorption linear images of the effective separation channel, which correspond to the time-resolved electropherograms, were obtained successively in a single run every 0.6 s. Then, the UV absorption linear images at intervals of 3 s were picked out and used for kinetic analysis. The migration time, tm, and the peak height of [Ce III L] and DB was recorded for each. The same procedure was repeated for the sample containing 1.2 mM AS and 3 mM DB.
Results and Discussion
Application of μCER for Ce 3+ -Quin2 complex at pH 8.3 Figure 1 shows the UV absorption linear images extracted at intervals of 6 s, obtained successively in a single MCE run for the sample containing [Ce III L] and DB. In every UV absorption linear image, two peaks, [Ce III L] and DB, are observed. In addition, the peak of free Quin2 was also observed because excess Quin2 to Ce 3+ was added into the sample solution. As the migration time increased, both peaks moved from anodic side (left) to cathodic side (right) and gradually separated from each other. The peak height of [Ce III L] decreased with an increase of migration time. This is mainly due to the on-channel dissociation reaction during the MCE separation process. The peak shape of the UV absorption linear images strongly suggest the occurrence of the dissociation reaction of [Ce . In other words, repeatability of electroosmotic flow (EOF) among MCE runs is also important in kd measurement by μCER. In this work, the separation channel was flushed with NaOH solution containing sodium dodecyl sulfate followed by water before every MCE run for high repeatability of EOF. In fact, migration times of DB in each absorption linear image in Fig. 1 are almost the same as those of the corresponding absorption linear images in Fig. 2 . For the kinetic analysis of [Ce III L], the peak height signals were employed because the peak area data may give unreliable results caused by asymmetric peak profiles owing to products of dissociation reaction, such as free Quin2. 3 Because solvolytic dissociation reaction follows the first-order kinetics, the rate law is given by,
where, α is 1/A. 8 Here we can obtain kd by fitting Eq. 3 using the data RCeL/RAS at various tm.
In Fig. 3 
Dependence of the dissociation rate constants of Ce 3+ -Quin2 complex on the concentration of hydroxide ion
In the dissociation kinetics of [Ce III L] in slightly acidic conditions of pH 5.5 -6.3, the dependence of the value of kd on pH, and the existence of acid-assisted dissociation reaction path was reported in earlier study using spectrophotometric batch-wise dissociation kinetic analysis methods with ligand substitution and metal substitution technique. 13 
where, ksol and kOH are the solvolytic dissociation reaction and hydroxide ion-assisted dissociation reaction rate constant of [Ce III L]. The plot in Fig. 3(b) was fitted with Eq. (4), then, ksol and kOH were determined to be 1.55 × 10 -3 and 3.24 × 10 2 s -1 , respectively.
The results obviously suggest the existence of the hydroxide ion-assisted process in the dissociation reaction process of [Ce III L]. Though the existence of the hydroxide ion-assisted process is reported in the kinetic analysis of the formation reaction of lanthanide complexes with tetraazamacrocyclic ligand, 17 there have been no reports about the hydroxide ion-assisted process in the dissociation reaction process of lanthanide complexes with polyaminocarboxylates other than this work. It is known that the base hydrolysis, i.e. ligand substitution reaction with hydroxide ion, occurs for some metal complexes, and the base hydrolysis is much faster than the solvolytic dissociation reaction, i.e. ligand substitution with water molecule. 18 This agrees with the results in this study since kOH is much larger than ksol. The value of ksol obtained by the batch-wise method employing the ligand substitution technique with spectrophotometer is reported to be 4.0 × 10 -3 s -1 . 13 This and ksol obtained in this study are both 10 -3 s -1 level. The value of ksol obtained by the batch-wise method is, however, larger than that obtained in this study. The value of kd obtained by the batch-wise method with spectrophotometer would be overestimated because of unignorable dead time, which is unavoidable in the experimental procedure, against the reaction time. The value of ksol obtained in this study is, therefore, thought to be appropriate since the time range that μCER can handle is coincident with the reaction period of the dissociation reaction of [Ce III L].
Conclusion
We describe here a successful application of μCER for the dissociation kinetic analysis of [Ce III L] in alkaline conditions. The μCER is a useful tool for monitoring and analyzing the dissociation reaction of metal complexes with the time scale of "seconds" because the time range that μCER can handle corresponds to the reaction period. The existence of a hydroxide ion-assisted path in the dissociation reaction of [Ce III L] in alkaline conditions became clear from the linear relationship of kd with the concentration of hydroxide ion, and ksol and kOH were also determined from analysis of it. The μCER approach can actually be extended not only to other metal complexes but also to a wide range of so-called "molecular complexes" including biomolecular complexes, such as super-molecules, immuno-complexes, protein-protein or nucleic acid complexes, and enzyme-substrate complexes. 
